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ABSTRACT 

A neutronic comparison of beryllium oxide and molybdenum as the major constituents 
of axially translating radial reflectors for the reactivity control of a fast-spectrum reac- 
tor is made. Both one- and two-dimensional transport calculations are used. The anal- 
ysis  indicates that the multiplication factors, power distributions, and reactivity control 
worth are nearly the same for both types of reflector materials. The normally higher 
worth of the beryllium oxide reflector is reduced because of (1) the presence of molyb- 
(denum canning material in the reflector and a tantalum alloy pressure vessel between the 
core and the reflector and (2) the need to provide cooling and helium containment. 
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NEUTRONIC COMPARISON OF BERYLLIUM OXIDE AND MOLYBDENUM FOR 

MOVABLE REFLECTOR CONTROL OF A FAST-SPECTRUM REACTOR 

by Charles L. Whitmarsh, Jr., and Wendell Mayo 

Lewis Research Center 

SUMMARY 

A neutronic comparison of beryllium oxide (BeO) and molybdenum (Mo) as the major 
constituents of axially translating radial reflectors for the reactivity control of a fast- 
spectrum reactor is made. The reactor is fueled with enriched uranium-235 nitride 
in pin-type fuel elements utilizing molybdenum cladding and supported by a tantalum alloy 
(T-111) honeycomb. Three radial fuel zones with 3k-, 35-, and 39-volume-percent fuel 
are used to make the power distribution more uniform. The coolant is lithium-? (Li ), 
and the 0.635-centimeter-thick pressure vessel with an outside diameter of 40 centime- 
ters is T-111. The movable reflector, nominally 8.5 centimeters thick and located out- 
side the pressure vessel, is split at the core midplane and slides toward the core ends. 
A 2.5-centimeter-thick stationary reflector forms the outermost extremity of the reac- 
tor. The volume percentages of the materials in the Be0 reflector are 70 BeO, 10 Mo, 
and 10 Li . The Mo reflector is 95-volume-percent Mo. 

Both of these reflectors were found to provide essentially the same excess reactivity, 
reactivity worth, and power distributions. The reactivity control swing was 10.79- 
percent Ak/k for the BeO reflector and 11.11-percent Ak/k  for the Mo reflector. 
Perturbations to the reactor design external to the core were also found to have similar 
effects for both reflector materials. For example, small increases in pressure vessel 
diameter reduced the control swing by 1.0-percent Ak/k per centimeter in both systems. 
However, the effect of increased pressure vessel thickness was greater for the BeO 
reflector; a reduction of 3.3-percent Ak/k per centimeter, compared to 2. &percent 
A k / k  per centimeter for the Mo reflector, was calculated. 

The effects due to various approximations in the calculations were examined. The 
number of energy groups, the angular quadrature order, and the geometrical symmetry 
assumptions were varied, and the results are reported. 
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I NTROD UCTl ON 

External control systems are particularly applicable to the compact, high- 
temperature nuclear reactors being considered in the space program (ref. 1). Control 
can be attained by movement of reflectors, which alters the fraction of neutrons re- 
turned to the reactor core. The method of reflector movement - rotation of drums and 
vanes or  linear translation of slabs - used in a design depends on the specific application. 
Of interest in this report is a reflector control system which adjusts the leakage of 
neutrons by axial movement of a radial reflector surrounding a cylindrical reactor core. 

On the basis of physical properties and low neutron absorption cross sections, 
beryllium oxide (BeO) and molybdenum (Mo) were selected as reflector materials. BeO 
is the lighter material but evolves helium as the result of neutron interactions, has 
relatively poor heat transfer, is not a good structural material, and is more susceptible 
to radiation damage (ref. 2). The importance of these factors in a design will depend on 
the specific application. 

The purpose of this report is to provide a neutronics comparison between Be0 and 
Mo when they are used as reflector materials. "Neutronics" is used herein as a general 
term indicating the behavior and effects resulting from neutron interactions with mate- 
rials in nuclear reactors. This neutronics comparison is made from analytical deter- 
minations of reactivity worths and power distributions. Reactivity worth of a reflector 
represents the maximum amount of reactivity that can be controlled by operating the 
reflector between its position extremes - full in to full out. Additional calculations are  
made to indicate reactivity effects of design changes external to the reactor core, such 
a s  pressure vessel thickness and diameter, on both Be0 and Mo reflected reactors. 

and reflector configuration. The study presented herein is concerned with the control of 
a compact, fast-spectrum, liquid-metal-cooled reactor which could operate at 1.8 meg- 
awatts thermal for 50 000 hours with a coolant outlet temperature of 1140 K (1600' I?). 
To meet these operating conditions, the reflector control system must be worth 7.7- 
percent reactivity to include allowances for fuel burrmp, core expansion, Doppler effect, 
manufacturing tolerances, reactor shutdown, and a one -stuck-element safety criterion. 

Reflector characteristics are inherently sensitive to reactor size, flux spectrum, 

REACTOR MODEL 

From heat-transfer and criticality analyses, a reactor model was developed which 
23 consists of a T-111 cylindrical pressure Vessel packed with uranium nitride (U %') fuel 

pins and surrounded by a reflector. The fuel pins are clad with molybdenum and are 
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positioned in a T-111 honeycomb structure which also provides flow passages for the 
lithium-7 (Li ) coolant (fig. 1). 

during reactor operation. In order to reduce these stresses three radial zones were 
established, with the concentration of U235N in a fuel pin being varied between zones. 
The fuel loading arrangement is shown in figure 2, where equivalent diameters for use 
in one-dimensional o r  two -dimensional R-Z calculations are indicated by dashed lines. 
These cylindricized zones were converted from the actual geometry by conserving the 
total atoms of each material in each zone. 
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A major source of stress in the fuel cladding is the buildup of fission gas pressure 

,-TZM cladding, 
72 mil (0.183 cm) 

. 0.302 cm 

(a) Fuel-pin geometry. 

w 
LT-111 honeycomb 

structure, 10 mil 
(0.025 cm) 

(b) Fuel-pin lattice arrangement. 

Figure 1. - Reactor fuel pins. 

The radial reflector consisted of cylindrical shells, with the inner 8.5-centimeter- 
thick section being movdble and the outer 2.5-centimeter -thick section being stationary. 
The stationary reflector was constructed from Mo with Li cooling passages occupying 
15 percent of the volume. The movable reflector required no internal cooling when Mo 
was used as the constrdction material, but a 5-percent void was allowed for clearances. 
When Be0 was considered for the movable reflector, 10 percent of the volume was allo- 
cated for a self-contained Li cooling system, 10 percent for Mo canning material, and 
a 10-percent void to contain helium (He) production. It is assumed that lithium does not 
fill the space vacated when the reflector moves out. These allowances were estimated 
requirements based on the lower thermal conductivity of BeO, its susceptibility to radi- 
ation damage, and its He-producing interaction with neutrons. 

A t  each end of the core is a mixing chamber composed of 90-percent Li and 
7 10-percent T-111 and a stationary reflector of 85-percent Mo and 15-percent Li . 
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r Pressure vessel, 
Coolant region, 1 0.635 cm thick 

\ of pins) / , 1 

Figure 2. - Fuel zoning geometry. Dimensions are in centimeters. 
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Figure 3. - Reactor calculational model.. Dimensions are in centimeters. 
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Cooling regions exist along the inside and the 0?*+4de of the pressur 
lational model shown in figure 3 was derived from the 
regions of importance and their dimensions. Material c 
gions are listed in table I. 

be present in a real situation. However, shield effect was estimated from data on similar 
reactor configurations where a - 1-percent Ak/k change in control swing was calculated 
for an 8-centimeter-thick layer of lithium-6 hydride placed adjacent to the stationary 
reflector. 

Shielding around the reactor was not considered i 

It is estimated that operation at  1.8-megawatt-thermal power for 50 000 hours will 
require about 7.7-percent Ak/k for reactivity control. Of this total, 1.5-percent 
Ak/k is for fuel burnup, 1.0-percent Ak/k is for temperature-induced expansion of the 
Li and the core, 0.2-percent Ak/k for total Doppler effect, 1.0-percent Ak/k for 
manufacturing and fuel loading tolerances, 2-percent Ak/k for normal shutdown margin, 
and 2.0-percent additional Ak/k to allow shutdown when one control element is stuck. 
Therefore, reflector control swing (reactivity that can be regulated by reflector move- 
ment) must be 27.7-percent Ak/k and the actual multiplication factor k of the fully 
reflected, cold, clean reactor must be -1.04. 
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. CALCULATIONAL PROCEDURE 

A l l  criticality calculations were performed with the neutron transport computer 
program TDSN (ref. 3)  using neutron cross sections generated by the programs GAM-11 
(ref. 4) for energy groups above 0.414 electron volt and GATHER-11 (ref. 5) for energy 
groups below 0.414 electron volt. These cross sections were averaged over a fast 
spectrum similar to the actual core spectrum (see appendix A). Another set of cross 
sections, averaged over a moderating material spectrum, was used for the radial re- 
flector regions when Be0 was considered as the movable reflector material. 

of calculational sophistication (and presumably accuracy). To illustrate the notation 
scheme used to designate these code options, a one-dimensional S4Po 14-group prob- 
lem would (1) approximate the actua eometry in one dimension, (2) use the fourth- 
order angular quadrature scheme fo olving the Sn transport equations, (3) use cross 
sections determined from the first term Po Legendre polynomial expansion solution to 
the transport equation and w oximate nonisotropic scat- 
tering, and (4) use a cross- energy groups. 

lculation is dependent on 

Several code options are available in the use of TDSN depending on the desired degree 

r of each option, the greater the accu- 
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racy. Ideally then, all problems would be run with the highest possible code options. 
However, because of such difficulties as extended machine running time, complexity of 
problem setup, and limited machine storage capacity, it is desirable to do most of the 
calculations with lower-order options. For example, we would like to be able to predict 
accurate high-order solutions by using a low-order calculational result plus a correction 

Corrections to the multiplication constant were determined by comparison of calcu- 
lations performed with various combinations of code options. These data are presented 
in table II. Generally, throughout the study reported herein, parametric analyses were 
made with one-dimensional S4P0 14-group calculations, with a reflector savings of 
1 3 . 5  centimeters to simulate axial leakage. Whenever desired, these results could be 
corrected to two-dimensional S4Po 14-group accuracy by the use of table II. Although 

Change in calculation 

Energy groups: 

SN order: 

Geometry: 

5 to 14 

2 to 4 

one- to two-dimensional 

'70-Volume-percent Be0 movable reflector 95-Volume-percent Mo movable reflector 

Reflector inserted, Reflector withdrawn, Reflector inserted, Reflector withdrawn, 
'k = 0.9853 ak = 1.1065 ak = 0.9854 

Change in multiplication factor, k 

ak = 1.1025 

-0.0089 -0.0051 -0.0004 -0.0014 

-. 0116 -. 0147 -. 0123 -.0148 

.0050 -. 00'72 .0088 -.0061 

the highest order calculation actually performed was a two-dimensional S4Po 5-group 
calculation, a two-dimensional S4P0 14-group result could be synthesized, and this was 
considered to be the "best" result. 

similarity is maintained (i. e.,  the geometry and the materials of the reactor must be 
similar to the Be0 and Mo reflected fast-spectrum reactor configurations in this study). 

Reflector worth was determined from two calculations of the multiplication factor, 
one with the movable reflector fully in and one with the movable reflector withdrawn to the 
ends of the core (fig. 3). The change in reactivity caused by reflector movement was 
then calculated from 

The use of data from table 11 can be extended to other reactors as long as problem 

k - k  
Reflector worth in units of percent Ak/k = L 2 X  100 
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where 

kl 

9 
multiplication factor with reflector inserted 

multiplication factor with reflector withdrawn 

ANALYSIS AND RESULTS 

This section consists of three major parts. The first part is a discussion of multi- 
plication factors k and reflector control worth. The second part is concerned with 
spatial power distributions. The third part consists of reactivity effects and coefficients 
resulting from perturbations in reactor regions external to the core. However, the 
effects due to movable reflector thickness and material composition appear in the first 
two parts. 

Reactivity and Reflector Wor th  

Multiplication factors for the Be0 and Mo reflected and unreflected reactor config- 
urations are listed in table II. These values represent the "besttt multiplication factors 
calculated in this study (two-dimensional S4P0 14-group calculation). An 8.5- 
centimeter-thick movable reflector is used for all cases in the table. The reflector is 
withdrawn only to the length of the active core, a s  indicated in figure 3. 

A large variation in the correction factor for changing energy groups from 5 to 14 
groups was observed for the Be0 reflected configuration compared to the Mo reflected 
configuration. However, the correction factors for Sn order and geometry were similar 
for the two systems. This indicates the greater sensitivity to the detail used in defining 
energy spectra for calculations containing Be0 . 

A s  indicated in figure 3, the geometry for a one-dimensional calculation is the same 
for either the Be0 o r  Mo reflector-withdrawn cases. Thus, one-dimensional multipli- 
cation factors derived from columns 2 and 4 of table 11 should have the same value. Small 
differences were noted, however, which were probably due to the different spectra over 
which the cross sections were averaged. In the two-dimensional reflector-withdrawn 
cases, reflectors were withdrawn only to the ends of the core (fig. 3), thereby leaving a 
portion of the reflector in the calculational geometry. 

The worths of the movable reflectors are given in table III. The estimated worth 
using correction factors from table II for the two-dimensional S4Po 14-group calcula- 
tion is 10.79-percent Ak/k with the Be0 reflector and 11. ll-percent Ak/k with the 
Mo reflector. Reference 6 indicates that Be0 is a substantially better reflector than Mo. 
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TABLE III. - REFLECTOR WORTH COlMPUTED BY 

Calculation 70 -Volume- 
percent 

BeO Geometry, Quadrature Energy 

95 -Volume - 
percent 

Mo 

In the present case, however, the density of Be0 in the reflector has been reduced to 
70-volume-percent BeO, and 10-volume-percent Mo has been added as a canning mate- 
rial. The Mo is a moderately effective neutron absorber in the resonance and thermal 
neutron energy range. In addition, a further negation of the moderating effect of the Be0 
is due to the presence of the T-111 pressure vessel (see appendix B). The result is a 
reflector that is very nearly equivalent to the Mo reflector. 

Again, referring to table III, it is observed that the lower-order two-dimensional 
calculations (two-dimensional SzPo 5-group) a re  to be preferred over the one- 
dimensional high-order calculations (one-dimensional S4Po 14-group) in predicting con- 
trol worth. Compared to the "best" value (two-dimensional S4Po 14-group calculations) 
obtained by applying inferred correction factors (from table 11), the use of one- 
dimensional calculations results in discrepancies in control worth of -1.15-percent Ak/k 
for the 70-volume-percent Be0 reflected reactor and -1.35-percent Ak/k for the 95- 
volume-percent Mo reflected reactor. The low-order two-dimensional calculations 
underpredict the control worth by about 0.3- and 0.6-percent Ak/k, respectively, for the 
Be0 and Mo reflected reactors. 

nesses of the movable reflector, as shown in figure 4. The control worth obtained is 
about the same for Be0 and Mo reflectors over the range of reflector thicknesses from 
4.5 to 8 .5  centimeters; for example, the 70-volume-percent Be0 reflector worth varied 
from 7.3- to 9.6-percent Ak/k, and the 95-volume-percent Mo reflector worth varied 
from 7.1- to 9.7-percent Ak/k, respectively. In these calculations, as the movable 
reflector thickness was decreased, the stationary reflector was moved toward smaller 
radii but its thickness of 2.5 centimeters was maintained. 

Multiplication factors as a function of movable reflector thickness are given in fig- 

The one-dimensional model was used to determine reflector worth for various thick- 

dimensions order groups 

5 
14 

2 s2 
1 s 4  
2 s4 14 
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Refledor worth, 
percent Ak/k 

10.44 10.50 
9.64 9.76 

a10.79 "11.11 
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Figure 4. - Effect of reflector thickness on reactivity 
worth of movable radial reflectors based on one- 
dimensional S4P0 14-group calculations. 

ures 5(a) and (b) . Figure 5(a) shows the multiplication factors of the reflected reactor 
configuration, and figure 5(b) shows those of the reactors with movable reflectors with- 
drawn. Not only do the control worths for the two reflector materials agree, as shown in 
figure 4, but so do the multiplication factors shown in figures 5(a) and (b). 

A s  noted previously, the small difference in k for the reflector-withdrawn curves of 
figure 5 is due to microscopic cross sections averaged over different spectra and not due 
to material differences, since the geometry for the one-dimensional calculations is the 
same for both cases. 

The Be0 reflectors are subject to radiation damage. For these systems, neutron 

e reflector (thereby accounting 
10-percent Mo in the Be0 reflector). Since the actual amount required is uncer- 
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/ 

Figure 5. - Effect of movable reflector thick- 
ness on multiplication factor based on 
one-dimensional S4P0 14-group calcula- 
tions. 

tnan 0.5-percent Ak/k and the multiplication constant by 0.6-percent Ak/k for a re- 
duction in Be0 of from 70 to 30 percent. This small penalty indicates that control and 
excess reactivity are not sensitive to the composition of the BeO-Mo reflector. Figure 6 
also shows that on an equal volume percent basis Be0 is worth slightly more than Mo as 
a reflector for this reactor; that is, changing 40 volume percent of the reflector from 
Be0 to Mo decreases the reflector worth by 0.48-percent Ak/k. It should be noted, 
however, that the previous comparison of reflectors (table m) was not made on this basis. 

Power Distributions 

A comparison of radial power distributions indicated little difference between Be0 
and Mo reflected reactors (fig. 7). These data were obtained with two-dimensional 
SzPo $-group TDSN calculations of reactor configurations with 8 .  &centimeter movable 

11 



1.091L ~ 

9.0 - 
20 40 60 80 

Beryllium oxide, vol.% , 
6a 40 20 0 

Molybdenum, vol. % 

Figure 6. - Effect of varying beryllium 
oxide and molybdenum content of 
movable reflector on reactivity worth 
and multiplication factor of reflected 
reactor configuration based on one- 
dimensional SdP 14 group calcula- 
tions. Multiplica!ion factor for un- 
reflected reactor, 0.9925. 

reflectors inserted. Local-to-average power ratios P b  tended to peak at the inner 
edge of each fuel zone, and the maximum P b  in the core (1.41 for Mo and 1.39 for Be0 
reflectors) occurred at the core center. The fact that power peaking near the core edge 
(sometimes observed in Be0 reflected reactors (ref. 6)) did not occur can be attributed 
to the absorption of low-energy neutrons by the T-111 pressure vessel between the core 
and the reflector (see discussion appendix B) . 

Variation of radial power shape with the extremes of reflector position is indicated 
by comparing figures 8(a) and (b). A s  the movable reflector is withdrawn, P& tends to 
increase in the central fuel zone (1.39 to 1.68 at the center of a Be0 reflected reactor) 
and decrease in the peripheral zone. Such behavior is characteristic since the reflector 
returns neutrons to the core which would otherwise leak out. These neutrons are absorbed 
primarily in the peripheral fuel region, thereby increasing the power generation there. 
Since the central fuel zone is essentially unaffected by these reflected neutrons, this in- 
creased power generation in the peripheral zone causes the relative power to decrease 
in the central zone. 

A s  before, the effect on power distribution calculations of using various code options 
was determined by comparison of one-dimensional S4Po &group and 14-group and two- 
dimensional SzPo %group and S4P0 5-group results. The Sa and S4 comparisons 
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(b) Movable reflector withdrawn. 

Figure 8. - Power distributions for beryllium oxide reflector control method showing 
effect of S2 against S4 two-dimensional 5-group calculations at axial center of 
core. 
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for a Be0 reflected reactor with the movable reflector inserted and withdrawn (figs. 8(a) 
and (b), respectively) show less than a 4-percent variation of P/p in the core. The S4 
power ratios were lower in the central fuel zone and higher in the peripheral zone. The 
energy group cemparison showed less than a 1-percent variation in P f i  calculated with 
5 energy groups and with 14 energy groups. A t  any point in a radial plane at  the axial 
center of the core, the ratio of power densities from two-dimensional and one- 
dimensional calculations was constant (a factor of 1.19), thereby indicating the adequacy 
of using one-dimensional calculations to predict power shapes (fig. 9). 

1.4- 
0 .- 
c 
E 
L 1.2- 
2 
(u 

n 
(u 

1.0- 
a3 
2 
0 c 
L 

--- 

----_ -- --- 
8 -  

' - 1  Core fuel zone: I I I1 I 111 I i 

Core radius, cm 

Figure 9. - Comparison of two-dimensional and one-dimensional S4 5-group calculated 
power distributions for beryllium oxide reflected reactor configuration. 

These correction factors were used to change the power peaking factors stated pre- 
viously in this section (table IV). Thus, the peak value of P 4  in the reactor core is 
1.36 for the 70-volume-percent Be0 reflected configuration and 1.37 for +he 95-volume- 
percent Mo reflected configuration. For the unreflected configuration, the peak PIP is 
1.63. A l l  of the peak values of P f i  occurred at  the core center. 

In general, as the moderating effect of a reflector decreases, the power ratio tends 
to increase in the central core region and decrease near the core edge. Such effects 
were noted when Mo was substituted for Be0 and when Be0 reflector thickness was re- 
duced. However, changes in P b  were relatively small, for example, a maximum var- 
iation of 3 percent in Pfi when reflector composition (in vel.%) was varied from 70Be0- 
1OMo-1OLi to 30Be0-50Mo-lOLi and a maximum variation of 2 percent when the Be0 
movable reflector thickness was reduced from 8.5 to 4.5 centimeters. A summary of 
the peak-to-average power ratios for each fuel zone is presented in table N, where all 
results have been corrected to two-dimensional S4Po 14-group calculations. 

7 7 
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TABLE IV. - PEAK-TO-AVERAGE POWER RATIOS FOR COMPACT 

(R = 18.227 CM) ZONED-CORE, REFLECTOR-CONTROLLED, 

HIGH -TEMPERATURE, LIQUID-META L-COOLED NUC LEAR 

REACTOR WITH SEVERAL REFLECTOR CONFIGURATIONS 

Pressure 
vessel 

thickness, 
cm 

'8.5 
"8. 5 
a8. 5 
b8. 5 
b4.5 
b4.5 

Reflector composition, 
vol. 96 

70Be0- lOMo - 10Li7 
70Be0-10Mo -10Li7 
95Mo 
30Be0 -5OMo- 10Li7 
70Be0-10Mo-10Li7 
70Be0-10Mo-10Li7 

I Core fuel zone 

Inserted 
Withdrawn 
Inserted 
Inserted 
Inserted 

Withdrawn 

1.24 
1.17 
1.24 
1.24 
1.23 
1.18 

"Values from two -dimensional S2 5-group calculations which have been 

bSince only one -dimensional radial power shapes were calculated, results 
corrected to two-dimensional S4 14-group calculation. 

were synthesized from axial power shapes obtained from two- 
dimensional calculations on simiIar systems. The factor for converting 
one-dimensional radial power densities to. two -dimensional radial power 
densities at the axial center of the core is 1.19. 

Design Pert u r bat i on s 

Reactivity coefficients for various pressure vessel diameters and wall thicknesses 
were calculated to indicate the consequences of possible reactor design changes. Such 
changes could result from higher temperature reactor designs requiring thicker pres- 
sure vessels, and from the pressure vessel diameter being a function of the required 
amount of structural support for the core. Also, the effect of removing the reflector 
cooling region (which might be possible if a high-emissivity coating material on the re- 
flector surfaces could provide sufficient cooling) was determined. These values a r e  
itemized in table V for both 70-volume-percent Be0 and 95-volume-percent Mo reflected 
reactors. Reflector worth was reduced about 1.0-percent Ak/k per centimeter increase 
of pressure vessel diameter and about 3.3-percent Ak/k per centimeter increase in 
pressure vessel wall thickness for the Be0 reflected reactor. Comparable values for 
the Mo reflected reactor were 1.0- and 2.6-percent Ak/k, respectively. Reducing the 
pressure vessel diameter tended to reduce the multiplication factor of the fully reflected 
reactor but had very little effect in the movable-reflector -withdrawn configuration. 
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Increasing pressure vessel thickness also decreased the multiplication factor of the fully 
reflected reactor but had a larger and opposite effect (increased k) in the movable- 
reflector-withdrawn configuration. The primary effect of increasing the pressure vessel 
diameter is movement of the reflector farther from the core. Increasing pressure vessel 
thickness also has this effect, but of more importance is the reflectivity effect of the ad- 
ditional pressure vessel material, which shows up as increased k for the reflector- 
withdrawn configuration. 

Removal of the l-centimeter-thick reflector cooling region causes an increase of 
about 1. &percent Ak/k in reflector worth for the Be0 reflected reactor and 1.3-percent 
Ak/k for the Mo reflected reactor. The major effect here is movement of the reflector 
closer to the core, which increases the k of the reflected reactor. A lesser effect is 
the removal of moderating (and somewhat reflecting) material, which tends to decrease 
the k of the reactor with the movable reflector withdrawn. 

SUMMARY OF RESULTS 

The following results apply to a movable-reflector-controlled fast-spectrum nuclear 
reactor consisting of a 36.4-centimeter-diameter core fueled with U235N and cooled with 
Li . A 2.5-centimeter-thick Mo shell surrounds the radial reflector. The core is 
separated into three radial zones with the UN concentration varying from 31 volume per- 
cent in the central zone to 39 volume percent in the peripheral zone. 

The overall result of this study was that, from the standpoint of excess reactivity, 
reactivity worth, and power shapes, no significant difference exists between a 70Be0- 
1OMo-1OLi -volume-percent reflector and a 95-volume-percent Mo reflector. Detailed 
results are itemized as follows: 

radial reflector was 10.79-percent Ak/k. This value represents the best estimate from 
the results of one-dimensional and two-dimensional calculations. For an 8.5-centimeter- 
thick 95Mo-5 void radial reflector, the reactivity worth was 11. ll-percent Ak/k. 

2. The use of one-dimensional calculations underpredicted the worth of the 8.5- 
centimeter 70-volume-percent Be0 reflector by 1.15-percent Ak/k and that of the 8.5- 
centimeter 95-volume-percent Mo reflector by 1.35-percent Ak/k. 

3. Reactivity worth of the 8. Scentimeter-thick reflector was insensitive to re- 
placement of Be0 with Mo (e. g., changing 40 volume percent of the reflector from Be0 
to Mo decreased the reflector worth 0.48-percent Ak/k) . 

4. Based on one-dimensional calculations, the worth varied from 7.3- to 9.6-percent 
A k / k  for a thickness range of 4.5 to 8.5 centimeters with a Be0 reflector and from 7.1- 
to 9.7-percent Ak/k with a 95-volume-percent Mo reflector for the same thickness 
range. 

7 

7 

7 1. The reactivity worth of an 8.5-centimeter-thick 70Be0-10Mo-lOLi -10 void 
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5. With an 8.5-centimeter-thick 70-volume-percent Be0 reflector, the peak-to- 
average power ratio in the core was 1.36 with the reflector fully inserted and 1.62 with 
the reflector withdrawn. In both configurations, the power peak occurred at the core 
center. 

reflector thickness from 8 .5  to 4.5 centimeters and increased from 1.36 to 1.39 by 
substituting Mo instead of Be0 in the 8.5-centimeter-thick case. 

method. Variations in peak-to-average power ratios were less than 4 percent between 
S2 and S4 calculations, and less than 1 percent between 5-group and 14-group calcula- 
tions. Also two-dimensional power shapes along the core midplane were adequately 
predicted by one -dimensional calculations. 

8. For a 70-volume-percent Be0 reflected reactor, small increases in pressure 
vessel diameter and in thickness were calculated to reduce control swing by 1.0- and 3.3- 
percent Ak/k per centimeter, respectively. Comparable values for the Mo reflected 
reactor were 1.0- and 2.6-percent Ak/k per centimeter. Removal of the reflector 
cboling region from the reference reactor increased the control swing by 1.5-percent 
Ak/k  for the B e 0  reflected reactor and by 1.3-percent Ak/k for the Mo reflected re- 
actor. 

6. Peak-to-average power ratio was increased from 1.36 to 1.41 by a reduction in 

7. Radial power distributions were relatively insensitive to changes in calculational 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 17, 1969, 
120-27 -06- 18-22. 
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APPENDIX A 

ADDITIONAL CONSIDERATIONS IN CHOICE OF CALCULATIONAL MODEL 

For criticality calculations of all reactor configurations which did not contain BeO, 
the thermal group of the 14-group and 5-group cross-section sets was dropped (table VI). 
Without Be0 no effective thermal neutron moderating material was present in the reactor, 
and therefore most neutrons either leaked out o r  were absorbed before their energy could 
be degraded to the thermal level. So few neutrons were moderated to low energies that 
it could be assumed that no loss in the accuracy of reactivity and power distribution 
values resulted from the use of these 13-group and &group cross-section sets. The 
incentive for elimination of the thermal energy group was the considerable savings in 
computer time which resulted from the elimination of a relatively difficult convergence in 
an energy level with few neutrons. 

Both the 14-group and 5-group cross-section sets were based on the infinitely dilute 
material approximation (i.e., resonances were not treated explicitly in the GAM calcula- 
tion). This approximation tends to overestimate cross sections in the resonance energy 
regions, and a s  a result fluxes in a corresponding criticality calculation are undervalued. 
In order to check the significance of this effect in the present study, a 25-group set of 
cross sections was generated (for use in Be0 moderated configurations) which had group 
energy spans adjusted to better define the resonance energies (table VI). For example, 
compared to the 14-group set, the lower energy groups were much finer and the span 
of the higher energy groups was widened. Cross sections for the core materials were 
flux weighted over a core spectrum using the homogeneous resonance approximation in 
GAM-11, and the cross sections for the remaining materials were weighted over a reflec- 
tor spectrum with the slab resonance approximation being used for the T-111 pressure 
vessel. For configurations without BeO, all cross sections were weighted over a core 
spectrum using the homogeneous resonance approximation. 

A comparison of data from criticality calculations performed with both the 14-group 
and 25-group cross-section sets is presented in table VII. A small discrepancy of less 
than l-percent Ak occurred in the multiplication factor of the reflected configurations. 
The lower values, which were calculated with the 25-group set, can be attributed to the 
shifting of high-energy groups because analysis of the code output indicates that all the 
discrepancy occurs above 5.5 kiloelectron volts. The multiplication factor of the unre- 
flected configuration and selected power ratio data indicated no significant effect on those 
values. 
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TABLE VI. - ENERGY GROUP SPLIT FOR 

CROSS-SECTION SETS 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Lower energy j bo;;ry, 

3. 68X106 

1. 35X1O6 

a 

2.23106 

. 821X106 

. 498X106 

. 3O2X1O6 
, 183106 
.111x106 

40. *lo3 

15* 5.5310 m1033 1 
3.35~10~ 
2.03~10~ 
1. 23X1o3 
.749x1O3 
.454x103 
.275x1O3 
. 167X103 
.101~10~ 

61.4 
37.3 
22.6 
1.37 
8.32 
5.04 
3.06 
1.86 
1.13 
.683 
.414 
0 

Cross-section se t  

2 5 -Group 14 -Group 

1 
2 
3 

4 .  
5 
6 
7 
8 
9 
10 . 
11 

12 

13 

b14 

5-Group 

1 

2 

3 

4 

b5 

aUpper energy boundary of group 1 is 14.9 MeV. 
bThis group was dropped to form the 13- and 4- 

group sets. 
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TABLE VII. - COMPARISON O F  CRITICALITY CALCULATIONS WITH 14-GROUP, 

Composition, 
vol. % 

INFINITELY DILUTE AND 25-GROUP, RESONANCE 

CORRECTED CROSS-SECTION SETS 

Position 

Cross-section 
set 

I rI 

1.15 1.11 
1.17 1.11 
1.17 1.12 
1.19 1.13 
1.36 1.20 
1.36 1.20 

14 -Group 
2 5 -Group 

b13 -Group 
25-Group 

b13-Group 
25-Group 

rn 
1.01 

I 
.95 
.95 

I Movable reflector I 

70Be0-10Mo - 10Li7 Inserted 
70BeO-lOMo-lOLi 
9 5Mo 
9 5Mo 

7 

Multiplication 
factor 

1.0975 
1.0890 
1.0977 
1.0909 
.9925 
.9934 

aAt mesh point nearest inner edge of each fuel zone. 
bSame as 14-group set except thermal group has been dropped. 
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Outside edge of pressure vessel with 
adjacent 96Be0 reflector ---- Outside edge of pressure vessel with 
adjacent 70Be0-10Mo-10Li7 reflector 

--- Inside edge of 0.635-cm-thick pressure 
vessel with adjacent 70Be0-10Mo-10Li7 
reflector 

I I I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 20 

Lethargy 

I 1  I I  I I  I I  I I  I I  I I  I I  
10 5 1 .5 .1 .05 .01 .005 .001 500 100 50 10 5 1 .5 

Energy, MeV Energy, eV 

Figure 10. - Flux spectra near pressure vessel in reflected fast reactor configurations. 
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APPENDIX B 

REFLECTED NEUTRON S PECTRAL EFFECTS 

One of the differences noted between heavy and light materials, when they a r e  used 
as reflectors for fast-spectrum reactor cores, is the energy spectrum of the reflected 
neutrons. The lower energy spectrum resulting from the use of a light-material reflec- 
tor, such as BeO, tends to enhance the core reactivity effect of the reflected neutrons. 
However, in realistic designs, the inclusion of structural materials in and around the 
reflectors tends to alter the flux spectrum of the reflected neutrons prior to reentry into 
the core. Since the structural materials of interest will generally be refractory heavy 
metals, this alteration is a spectrum hardening (i. e.,  depletion of low-energy neutrons, 
which thereby increases the average neutron energy) when the reflector is composed of a 
relatively light material. This, in turn, tends to nullify the extra reactivity worth of a 
light -material reflector compared to a heavy-material reflector from the standpoint of 
spectral effects. 

To illustrate this, spectra from a fast reactor configuration (fig. 3 and table I) have 
been plotted in figure 10. The difference between the solid and dashed lines represents 
the spectral hardening caused by the inclusion of 10-percent Mo in a reflector containing 
only BeO. These spectra existed at the outer edge of the pressure vessel. Additional 
hardening indicated by the dashed and broken curves results when the returning neutrons 
pass through a 0.635-centimeter-thick T-111 pressure vessel. 
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